In this study, a novel cement-lime-fly ash bound macadam (CLFBM) as pavement base material was designed by incorporating Portland cement, dihydrate gypsum (CaSO 4 ·2H 2 O), and ground granulated blast furnace slag (GGBS) into the lime-fly ash bound macadam (LFBM) for the purpose of the early opening to traffic. e multifactors orthogonal test method was used to evaluate the effects of Portland cement, dihydrate gypsum, and GGBS on the early-age strength of CLFBM. Moreover, the compressive and flexural strengths at 28 days as well as the drying shrinkage development in 56 days were investigated. By conducting the comprehensive analysis for the better mechanical properties and the lowest drying shrinkage, Portland cement : dihydrate gypsum : lime : fly ash : GGBS : gravels � 2 : 1 : 6 : 5.6 : 8.4 : 80 is determined as the optimal mix proportion of CLFBM. In addition, scanning electron microscope (SEM) results confirmed the formation of a large number of ettringite and C-S-H gels, providing a powerful support for the enhanced early-age strength and suppressed drying shrinkage of CLFBM.
Introduction
With the development of economy, the highway traffic volume is growing rapidly in China [1, 2] . In order to adapt this tendency, the semirigid road base materials such as lime-fly ash bound macadam (LFBM) have been widely used in highway construction because of their excellent workability and economic benefits [3] [4] [5] [6] . e LFBM is comprised of lime, fly ash, and gravels [5] , in which the lime can enhance the pozzolanic reaction of fly ash, increasing the earlyage and long-term strengths [7, 8] . However, due to the low pozzolanic reactivity of fly ash at early age, wet curing at least one week need to be guaranteed to meet the requirement of early-age strength of LFBM, and if the ambient temperature is lower than 20°C, the wet curing time required should reach two weeks or more [9] . is severely limits the early opening to traffic. erefore, it is urged to improve the early-age strength of LFBM. Cement, with fast hydration reaction, should be of help to increase the early-age strength of LFBM [7] ; however, using more cement always indicates the higher drying shrinkage of cementitious materials [10, 11] . Plenty of researches confirm that the drying shrinkage in pavement base materials is the culprit of the deformation and cracking of the asphalt pavement [7, 12] . Clearly, the drying shrinkage is also a vital indicator for LFBM [13] , thus the cement content should be controlled and optimized. e replacement of cement by use of cementitious materials (SCMs) has been widely studied [14] . Cement can partly be replaced by fly ash, slag, or other mineral admixtures in cement-based materials, which can improve the strength and durability [15] . Moreover, this will also lead to additional benefits in terms of cost savings, energy conservation, protection of nonrenewable resources, etc [16] . Remarkably, the pozzolanic activity of ground granulated blast furnace slag (GGBS) is superior to fly ash [17, 18] , thus it can be expected to further improve the early-age strength of LFBM when GGBS is used to replace a part of fly ash; the use of chemical activator approaches can promote the pozzolanic reaction of fly ash [19, 20] , increasing the early strength of LFBM, wherein the alkali activation and sulfate activation are the most-used chemical activating methods [21] [22] [23] . On the basis of satisfying the early-age strength and reducing the drying shrinkage of LFBM, using GGBS and sulfate activator may be a good option because of the main hydration product activated by sulfate being ettringite. e formation of the ettringite is accompanied by volume expansion [24, 25] , which may be able to compensate the drying shrinkage.
In this work, the dihydrate gypsum (CaSO 4 ·2H 2 O) was selected as the sulfate activator to improve early-age strength and decrease drying shrinkage. e cement as additive agent and GGBS as replacement of fly ash were also used to enhance the early-age strength of LFBM. e effects of dihydrate gypsum, cement, and GGBS on the early-age strength were evaluated by the significance level of the statistics based on the multifactors orthogonal test. And referring to the results of drying shrinkage, the novel pavement base materials, cement-lime-fly ash bound macadam (CLFBM) with optimum mix proportion, were presented. In addition, the microstructure characterizations of CLFBM were conducted as well.
Experimental Program

Materials.
e chemical compositions of P·O 42.5 Portland cement, lime, fly ash, ground granulated blast furnace slag (GGBS), and dihydrate gypsum (CaSO 4 ·2H 2 O, purity ≥ 99.0%) are shown in Table 1 . e physical properties of cement are given in Table 2 . e particle size distribution of gravels is shown in Table 3 . In Table 2 , boiling test methods were used to measure the soundness of cement according to the national standard "Test methods for water requirement of normal consistency, setting time and soundness of the portland cements (GB/T 1346-2011)"; the Blaine method was used to measure the specific surface area of cement according to the national standard "Testing method for specific surface of cement (GB/T 8074-2008)"; compressive strength of standard cement mortar was measured by the method of testing cements-determination of strength (GB/T 17671-1999). In Table 3 , the screening of the aggregate gradation was measured in accordance with the national standard "Pebble and crushed stone for construction (GB/T 14685-2011)."
Optimal Design and Preparation of CLFBM.
According to "Pavement Base Technical Specifications for Construction" (JTJ 034-2000, China), the reasonable composition of the lime-fly ash bound macadam (LFBM) with fly ash, lime, and gravels with an optimized particle size distribution was determined. e LFBM consisted of 6 wt% lime, 14 wt % fly ash, and 80 wt% gravels. In order to obtain the highperformance cement-lime-fly ash bound macadam (CLFBM) with higher early-age strength and lower drying shrinkage, the dihydrate gypsum, cement, and GGBS were used as additive materials. e recommended cement content is given in the relevant provision of "Pavement Base Technical Specifications for Construction" (JTJ 034-2000, China). Cement is added to improve the early-age strength. Considering the economic cost, the additive amount of cement is determined to be 2∼4 wt%. Fly ash is less active than slag. To improve early-age strength, slag is used to replace the part of fly ash, in which the replacement ratio is 0∼60 wt%. Gypsum as sulfate activator is used to improve the early-age strength. Meanwhile, the ettringite formed by reaction can compensate for the drying shrinkage of pavement base material. Referring to the relevant research on the strength improvement of the cement-based material with high volume fly ash, the additive amount of gypsum is determined to be 1∼5 wt% [26, 27] . e orthogonal test designed by Statistical Product and Service Solutions software (SPSS) was performed. e experiment was organized as an L 9 (3 4 ) orthogonal array, as listed in Table 4 . To be specific, cement was added in the LFBM at 2 wt%, 3 wt%, and 4 wt%, by weight of LFBM; GGBS was used to replace the partial fly ash, and the replacement levels were 0%, 30 wt%, and 60 wt%, by weight of fly ash; the additive amount of dihydrate gypsum used as activator was 1 wt%, 3 wt%, and 5 wt%, by total mass of lime, fly ash, and GGBS. e 3-day compressive strength and drying shrinkage value of CLFBM were chosen to evaluate the effects of the three factors including dihydrate gypsum, cement, and GGBS.
Sample preparation was as follows: as shown in Table 5 , nine groups of samples with different mix proportion were determined via the L 9 (3 4 ) orthogonal array. For each sample, the maximal dry density and optimum water proportion were gained with a tamping test which was conformed to the test method T0804-94 specification of Ministry of Transport of the People's Republic of China. e detailed measurement method is as follows: the heavy compaction instrument with the size of Φ15.2 cm × 17.0 cm was applied, and it was equipped with a 4.5 kg hammer. Tested material with the mass of 33 kg was divided into 6 parts by the quartering method, and the air-dry mass of each part was about 5.5 kg. Six different water proportions were also designed, with a difference of 1% between each other. e prepared sample with the mass of 1.8 kg was poured into the heavy compaction instrument, and then the first layer of sample was compacted with the compaction times of 98. During the compaction process, the hammer should fall straight and freely with a drop height of 45 cm, and the imprints of the hammer were evenly distributed on the sample surface. e above procedure was repeated for the compaction of the remaining two layers of the sample. After compaction, the sample was pushed out from the cylinder with a bulldozer, and the water proportion is measured from the center of the sample. e dry density of the sample after compaction is calculated with equation (1): Advances in Civil Engineering
where ρ d and ρ are dry density and wet density with the unit of g/cm 3 , respectively, and w is water proportion with the unit of %. e relationship curve between dry density and water proportion was drawn with the dry density as the vertical coordinate and the water proportion as the horizontal coordinate. e peak coordinate point on the curve was determined to be the maximum dry density and optimum water proportion values, respectively. 3 2.65 --- In accordance with the determined maximal dry density and optimum water proportion, the compressive strength test specimens were formed with Φ150 mm * 150 mm steel molds, and the flexural strength and drying shrinkage test specimens were cast in 100 mm * 100 mm * 400 mm plastic molds. To be specific, the 150 mm * 150 mm cylinder iron mold filled with CLFBM mixture is put on the pressure machine for static compression molding. e loading rate is 2∼4 MPa/s, and the final loading force is 400 kN. e cuboid mold with the size of 100 mm * 100 mm * 400 mm filled with CLFBM mixture is placed on the vibration table to be vibrated. Meanwhile, a 20 kg iron block with the bottom size of 100 mm * 400 mm was used to compact the mixture.
Compressive Strength.
e compressive strength tests are conformed to the unconfined compression test method formulated by the criteria, "Technical Specifications for Construction of Pavement Base (JTJ 034-2000, China)." e cylinders were cured in the airproof plastic bags at 20 ± 2°C, and on the last day of the curing period, the cylinders were steeped into water for 24 h before testing. ree cylinders of Φ150 mm * 150 mm were tested for each mix proportion of CLFBM for 3 days, 7 days, and 28 days. e strength results are an average of results for the three specimens.
Flexural Strength.
e flexural strength tests refer to the three point bending test which was carried out at loading rate of 0.05 mm/min. e beam specimens were cured in the airproof plastic bags at 20 ± 2°C, and on the last day of the curing period, the beam specimens were submerged in water for 24 h before testing. ree beam specimens of 100 mm * 100 mm * 400 mm were tested for each mix proportion of CLFBM for 28 days. Sample flexural strength can be calculated as follows:
where P is the maximum loading force, N; L is the support span length, mm; b is the width of sample, mm; and d is the sample depth, mm.
Drying Shrinkage Measurement.
e beam specimens of 100 mm * 100 mm * 400 mm were demolded over a 48-h period and immediately stored in a dry room at a constant temperature of 20°C and 50% relative humidity (RH). ree specimens were cast for each mix proportion of CLFBM and for drying shrinkage test. e length evolutions at the ages of 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 24, 28, 42 , and 56 days were determined by using a self-designed shrinkage measuring instrument shown in Figure 1 . e micrometer caliper fixed on one end of the half-round fixed frame was used to measure the length change of the beam specimen. Finally, all drying shrinkage results were described as drying shrinkage strain of the specimen through the following equations:
where ε d is the drying shrinkage strain (×10 − 6 ); ΔL represents the length change value of the specimen, mm; and L denotes the overall length of sample, mm.
2.6. Microstructure Analysis. e microstructure observation samples were collected from the binders within specimens of CLFBM at 3 days and 28 days, which were dried with vacuum and covered by a gold layer. e microstructures of the samples were studied with the field emission scanning electron microscopy (FE-SEM, Quanta 200F, FEI, Holand).
Results and Discussion
Mix Optimization of CLFBM Based on Early-Age
Strength. As shown in Table 4 , the roles of cement, dihydrate gypsum, and GGBS in contributing to improving the early-age strength have been discussed in details. e experiment arrangements and results by orthogonal test are listed in Table 5 . Figure 2 shows the compressive strength of samples N 1 -N 9 at 3, 7, and 28 days. It can be seen from Figure 2 that the compressive strength of CLFBM is increased with increasing curing period. e evaluation of compressive strength is the most direct reference value as required in the relevant provision of "Pavement Base Technical Specifications for Construction" (JTJ 034-2000, China). In order to improve the early-age strength of pavement base materials as significantly as possible, the compressive strength of CLFBM at 3 days should be a major consideration because of the importance of the early opening to traffic [28] . us, the 3-day compressive strength is presented in Table 5 as the evaluation indicator.
To investigate the significance of the three factors and the trends in increasing the early-age strength of CLFBM for each based on the 3-day compressive strength, the analysis of variance (ANOVA) and factor-level trend of orthogonal test are carried out using SPSS, and the results are presented in Table 6 and Figure 3 , respectively. Table 6 indicates that the significance of the three factors with respect to the 3-day compressive strength is in the order: GGBS replacement > cement content ≈ gypsum content. Moreover, the GGBS, cement, and dihydrate gypsum play a positive role in the improvement of 3-day compressive strength, as shown in factor-level trend chart (Figure 3 ). Since the P value of GGBS replacement is 0.048, which is lower than 0.05, the influence of GGBS replacing fly ash on Obviously, the influence degree of GGBS on the 3-day compressive strength of CLFBM is well above those of Advances in Civil Engineering cement and dihydrate gypsum. e dosage of the dihydrate gypsum is much less than that of cement in CLFBM (dihydrate gypsum by weight of cementing material, while cement by weight of LFBM), whereas the influence degree of dihydrate gypsum on 3-day compressive strength is nearly the same as that of cement, which indicates dihydrate gypsum is very helpful for early-age strength improvement. However, on the premise of ensuring 3-day early-age strength, the 28-day compressive strength and flexural strength should also be concerned about. It is observed from Figure 2 that the 28-day compressive strength of samples N 3 , N 5 , N 7 , and N 9 is much higher compared with the samples with other mix proportions. Moreover, this phenomenon is also found in the results of 28-day flexural strength shown in Figure 4 . Considering the mix proportion of samples, as shown in Table 5 , it is found that samples N 3 , N 5 , and N 7 have the maximum replacement level of GGBS (60 wt%). As for the sample N 9 , because of the maximum cement content and more GGBS replacement amount, its 28-day compressive strength is higher as well. In addition, of all the samples of CLFBM, the 28-day compressive strength of the samples N 1 , N 6 , and N 8 without GGBS is lower (their earlyage strength is also lower, and the strength development tends to be slow).
From the above analysis and orthogonal test result, it is not difficult to get the conclusion that the GGBS replacement plays a leading role in the strength improvement of CLFBM at various curing periods. erefore, it is suggested that there should be a maximum GGBS replacement level of 60 wt% in the CLFBM. However, as revealed by the orthogonal test result, the dihydrate gypsum has almost the same effect with cement in terms of enhancing the early-age strength of CLFBM.
us, within the acceptable range of early-age strength, dihydrate gypsum could be used to replace part of cement in the CLFBM due to the low cost of gypsum. at is, it is suggested that there should be a minimum cement content of 2.0 wt% and maximum gypsum content of 5.0 wt % in the CLFBM. To sum up the above arguments, the samples N 3 is determined as the CLFBM pavement base materials with optimal mix proportion. By mathematical conversion, the mix proportion of the sample N 3 is equivalent to that cement : dihydrate gypsum : lime : fly ash : GGBS : gravel � 2 : 1 : 6 : 5.6 : 8.4 : 80. e 7-day compressive strength of LFBM is required to not be lower than 0.8∼1.1 MPa in the criteria, "Technical Specifications for Construction of Pavement Base (JTJ 034-2000, China)." As to the CLFBM pavement base materials, the 3-day compressive strength of sample N 3 has reached 2.23 MPa, which obviously, meets the requirement of the early-age strength.
Drying Shrinkage Assessment for the Further Determination of the Optimum Proportion of CLFBM.
Drying shrinkage is considered as a main reason for the structure destruction of pavement base material [29] [30] [31] . e serious drying shrinkage will also lead to the crack generation of the asphalt pavement laid on CLFBM. erefore, apart from the early-age strength, the drying shrinkage is another key point for CLFBM performance. Figure 5 demonstrates the drying shrinkage development of samples N 1 -N 9 during 56 curing days. It can be seen from Figure 5 that the drying shrinkage of samples N 7 , N 8 , and N 9 is evident before 14 days. And the drying shrinkage strain of the three samples maintains continued increase from 28 days to 56 days, as shown in Figure 5 . Especially for samples N 8 and N 9 , the drying shrinkage strain reaches up to − 637.5 × 10 − 6 and − 675 × 10 − 6 at 56 days, respectively.
Obviously, the addition of cement is mainly responsible for the increasing drying shrinkage of CLFBM. However, it can be noticed from Figure 5 that the drying shrinkage strain of sample N 3 keeps to be a minimum before 56 days and tends to be constant from 28 days to 56 days (− 275 × 10 − 6 at 28 days and − 312.5 × 10 − 6 at 56 days). is indicates that the sample N 3 can be identified as the CLFBM pavement base material.
In order to investigate the influence of the three factors (cement content, gypsum content and GGBS replacement) and the trends of the drying shrinkage strain of samples for each factor, the analysis of factor-level trend of orthogonal test were carried out using SPSS, and the results are shown in Figure 6 . It can be noticed from Figure 6 that the drying shrinkage strain of CLFBM increases by 178.3 × 10 − 6 when the cement content increases from 2.0 wt% to 4.0 wt%. Moreover, as the gypsum content is increased from 1.0 wt% to 5.0 wt%, the drying shrinkage strain of CLFBM has been decreased by about 22.5 × 10 − 6 . Besides, the drying shrinkage strain is reduced from − 574.2 × 10 − 6 to − 538.3 × 10 − 6 and − 442.5 × 10 − 6 as the replacement level of GGBS is increased from 0 to 30 and 60 wt%. Considering the results displayed in Figure 6 , gypsum content and GGBS replacement are crucial for inhibiting the drying shrinkage strain of CLFBM. In the CLFBM, the major component of lime, CaO reacts firstly with water (H 2 O) to yield Ca(OH) 2 . Under alkaline conditions, SiO 2 and Al 2 O 3 in vitreous of GGBS and of fly ash are dissolved and to react with Ca 2+ to create calcium silicate hydrate and hydrated calcium aluminate [32] . Moreover, with the condition of the existence of dihydrate gypsum (CaSO 4 ·2H 2 O), the ettringite (AFt) is also formed Advances in Civil Engineering (the amount of AFt is proportional to dihydrate gypsum content) [33] . Benefiting from the expansibility of AFt [24, 34] , the drying shrinkage of CLFBM is compensated. GGBS has higher pozzolanic activity compared with fly ash [35] . As a result, the incorporation of GGBS can promote the above reactions including the formation of AFt. Because of the presence of high content of dihydrate gypsum and GGBS, the sample N 3 has the lowest drying shrinkage. Figure 7 illustrates FE-SEM images and EDS spectra of CLFBM samples. To make a better comparison with the sample N 3 , the sample N 1 , which contains the lowest level of dihydrate gypsum (1.0 wt%) and the equal amount of cement without GGBS, is also selected for SEM analysis. From Figures 7(a) and 7(b) , the distinct needle-like products are observed. As presented in Figure 7 (e), the EDS spectrum of marked region 1 in Figure 7 (a) shows that the main elements in the region 1 include Al, S, and Ca, indicating that the needle-like products are ettringite (AFt) [36] . Obviously, there are more AFt in sample N 3 than in sample N 1 at 3 days. is is attributed to the use of more dihydrate gypsum and GGBS into sample N 3 . e AFt can not only compensate shrinkage but also improve the strength. As a result, the sample N 3 possesses a higher earlyage strength and lower drying shrinkage, as revealed in Section 3.1 and 3.2. From Figures 7(c) and 7(d) , it is found that there are a large number of C-S-H gels produced from the samples N 1 and N 3 at 28 days, in which the C-S-H gels can be determined by EDS spectrum (Ca/Si ratio in marked region 2 is 1.48) [36] . However, for the sample N 3 (Figure 7(d) ), more C-S-H gels are formed in the pastes, and the space network structure built by C-S-H gels and AFt is denser as compared with the sample N 1 (Figure 7(c) ). is can be ascribed to the fact that the activity of GGBS is higher than that of fly ash that is conducive to the more rapid and plentiful pozzolanic reaction. In addition, it is remarkable that the sample N 3 Advances in Civil Engineering preserves a relatively large amount of AFt after 28 days, confirming its sluggish drying shrinkage development.
FE-SEM Analysis.
Conclusions
In this work, the cement-lime-fly ash bound macadam (CLFBM) as novel pavement base materials is prepared by the incorporation of cement, dihydrate gypsum, and GGBS.
In the process of further discussing the performances of CLFBM, the following conclusions can be addressed:
(1) e uses of cement, dihydrate gypsum, and GGBS contribute much to the early-age strength improvement of CLFBM, in which the GGBS replacement is dominant, and the influence of dihydrate gypsum to the early-age strength is nearly the same as that of cement. 8
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(2) e low cement content and the high level of dihydrate gypsum content and GGBS replacement are considered as the major reason for reduced drying shrinkage. (3) SEM results reveal that there is a rapid and plentiful pozzolanic reaction between GGBS and lime, and the participation of dihydrate gypsum leads to the formation of a large number of AFt. (4) e optimized mix proportion of CLFBM is that cement : dihydrate gypsum : lime : fly ash : GGBS : gravel � 2 : 1 : 6 : 5.6 : 8.4 : 80. It can be a promising pavement base material because of a high early-age strength and relatively low drying shrinkage.
In the future work, we will focus on the environmental assessment, cyclic behavior, durability, and construction procedures of the modified cement-lime-fly ash bound macadam mixture, and this will provide an important foundation for the application research of the pavement base material.
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